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ABSTRACT 
The effect of knurlinq a nucleate boilina heat transfer surface was 
studied. The knurlinq utilized produced reqular, four-sided, adjacent 
pyramids \'lith an apex anqle of 90 deqrees. Four knurlinq densities were 
used ranging from 416 to 2591 pyramids per square inch. The transfer 
surface was gold-plated copper and the heaters used were electrically 
heated, ten-inch long, horizontal cylinders of one-inch diameter. The 
liquid boiled was normal pentane at its saturation te~nerature and a 
pressure of 760 millimeters mercurv. 
For some of the knurled surfaces the temperature difference 
required to produce a given heat flux w~s found to be less than half that 
required for an unknurled control surface. For all of the knurled 
surfaces, values of the heat flux 20 per cent hi~her than burnout for 
the control surface were measured, and experimental indications suqqest 
burnout may lie considerably hiqher. At 1~~ heat fluxes, where visual 
bubble observations could be made, bubble qrowth was seen to occur only 
at the corners of the bases of the pyramids. The experimental results 
can be represented by the forr1: 0/n = (3.67-0.738D)llT1·88 where Q/n is 
the rate of heat transferred per ovramid [Btu/(hr)(pyramid)], 0 is the 
pyramid density [(pyramids/ft2) X ln-5], and llT is the temperature 
difference (F 0 ). 
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I • INTRODUCTION 
Since 1934, when the regimes of boiling heat transfer \'Jere first 
delineated, the advantages of transferring heat by nucleate boiling have 
been known. The low temperature differences required bet\'Jeen the heat 
transfer surface and the bulk 1 i quid result in high the nnodynami c e ffi-
ciencies. At the same time, the high heat fluxes minimize the transfer 
area required to transfer heat at a given rate, therefore, directly 
reducing the capital costs of boiling heat transfer equipment. 
Numerous investigators have found that the condition of the heat 
transfer surface determines whether or not nucleate boiling can be 
achieved at a specific temperature difference, \'lith a given liquid, and 
at a predetermined operating pressure. The surface conditions which 
influence nucleate boiling have been found to be pits, scratches, and 
other imperfections on the microscopic scale. In the manufacture of 
commercial heat transfer tubing the extent of microscopic imperfections 
cannot be controlled. This lack of knowledge of the surface conditions 
has required designers of boiling heat transfer equipment to design con-
servatively, that is, to over-design, to insure that nucleate boiling 
will occur under the intended operating conditions. 
In the past few years, various modifications to nucleate boiling 
heat transfer surfaces have been proposed and tested. The intended 
purpose of these modifications has been both to predictively enhance 
nucleate boiling and to discover appropriate design equations for 
application of the modified surfaces. The modifications tested include 
artificial roughening, parallel scratches, spots of material not wet by 
the boiling liquid and, most recently, the application of a porous rretal 
layer to the heat transfer surface and tests of sinqle fins. Drawbacks 
of the methods tested ran~e from long-term ineffectiveness to uneconomi-
cal costs of application. 
The purpose of this investigation was to discover if macroscopic 
mechanical texturing of a heat transfer surface would enhance nucleate 
boiling. The machining operation of knurling, amenable to economical 
mass production, was chosen for study. The system boiled was normal 
pentane and the enhancement of nucleate boiling, due to the knurlinq 
density applied to the heat transfer surface, was investigated. 
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II. LITERATURE REVIEW 
In 1934 Nukiyama (1) first qualitatively delineated the four 
regions comprising the typical boilinq curve9 the heat flux as a func-
tion of temperature difference, as being: 1) convective heat transfer, 
2) nucleate boilinq9 3) transition or unstable film boiling and 4) film 
boiling. During the intervening years the literature associated with 
boiling has become voluminous and no effort will be made to cover the 
field in its entirety. For a general review of boiling heat transfer 
the reader is referred to Jakob (2), McAdams (3), Rohsenow (4) and 
Leppert and Pitts (5). Only the following topics, related to nucleate 
boiling, will be reviewed here: A) Surface Effects, B) Nucleate Boilinq 
Mechanisms9 C) Nucleate Boiling Correlations, and D) Critical Heat Flux 
Mechanisms, E) Critical Heat Flux Correlations, and F) Surface Modifi-
cations to Enhance Nucleate Boiling. 
A. Surface Effects 
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The characteristics of heat transfer surfaces such as roughness and 
wettability have been found to have a profound effect upon nucleate boil-
ing behavior. The first definitive study of the effect of surface rough-
ness was reported by Carty and Foust {6) in 1955. Th~y found that the 
microroughness of the surface affects both the position, that is, flux 
produced by a given temperature difference between the heat transfer 
surface and the saturated liquid pool, and the slope of the nucleate 
boiling curve. They also noted hysteresis effects, a shift in the 
nucleate boiling curve resultinq from the past history of the heat trans-
fer surface, and explained these effects in terms of the density of 
active nucleation sites. To exolain their observations Carty and Foust 
postulated a vaoor entrapment model in which microscopic surface imper-
fections trapped a small part of the vapor of a bubble leavino the 
surface, therefore, establishinq the nucleus for the formation of 
another bubble. 
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The work of Carty and Foust was confirmed by Kurihara and r'1yers ( 7). 
They found, however, that a limitinq surface rouqhness exists beyond 
which no further enhancement of nucleate boilinq is obtained. It v1as 
also observed that appropriate aqinq of the transfer surface would 
permit reproduceable nucleate boilino curves to be obtained. 
An approximate theory was developed by Bankoff (8,9) to predict the 
extent of wall superheat necessary to initiate boilinq for a qiven 
cavity. He considered also the conditions necessary for a scratch-type 
of surface imperfection to trap vapor necessary for bu~ble initiation. 
Bankoff concluded that surfaces containinq cavities should be more 
favorable to nucleate boilinq than those containino scratches. 
Many others, amonq them Mesler and Banchero (10), Ruckenstein (11), 
and Wachters and van Andel (12) have concluded that a cavity can produce 
bubbles only as lonq as it is continuously filled with vapor. 
In a photooraphic study, Clark, Strenqe, and l~est\•Jater (13) found 
that conical pits with diameters betvJeen 30() and 3,000 microinches \>Jere 
very active bubble-producinq sites. They also noted that scratches, 
the plastic metal interface of their experimental heater, and even an 
unidentified movinq speck of foreiqn material functioned as bubble 
nucleation sites. 
An expression for the most favorable cavity radius for initiatinq 
bubble growth was developed by Han and Griffith (14). The expression 
indicates that the cavity radius decreases with increasino superheat. 
They {15) were able to predict the boilinq curve for a boiling experi-
ment in the isolated bubble reqime but acknowledged that "in pratical 
terms, quantities like surface nucleation properties and bulk termpera-
tures are just not known with sufficient precision to make a boiling 
curve prediction possible". 
Gaertner and Westwater (16) ingenuously determined the number of 
nucleation sites active at moderately high fluxes. They electroplated 
nickel while boiling on a copper surface and then counted the number of 
pits left in the electroplated surface. As many as 1130 sites per 
square inch were counted. They also found that the heat flux was 
approximately proportional to the square root of the number of active 
sites rather than directly proportional as Jakob (17) had originally 
proposed. 
B. Nucleate Boiling Mechanisms 
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The mechanism of nucleate boiling has been a topic of considerable 
debate. The question is not whether vaporization takes place, but where. 
Is the high heat transfer rate due to vaporization into the bubble on 
the heat transfer surface, vaporization into the bubble rising in the 
superheated liquid, or vaporization of the superheated liquid which has 
been transported to the surface of the pool by convection? In attempts 
to answer this question, four mechanisms have been postulated. 
1. Latent Heat Transport. In this mechanism it is proposed that 
a bubble growing on a heat transfer surface absorbs its latent heat of 
vaporization. Upon detachment from the transfer surface the bubble 
would then either rise to the free liquid surface or collapse into the 
bulk liquid and thereby give up its latent heat. Kreith and 
Summerfield (18) concluded that less than five percent of the total 
heat transferred from a surface could result from this mechanism. 
2. Liquid Sub 1 ayer Mi croconvecti on. The hi qh heat trans fer rates 
are exp 1 ai ned in this theory by an intense deqree of turbulence produced 
in a superheated liquid layer adjacent to the heat transfer surface. 
Rohsenow and Clark (19), in a photographic study~ discussed the movement 
of the liquid sublayer caused by deoartinq bubbles. Forster and Grief 
(20) observed that in this mechanism the heat flux would have to oass 
through the liquid microlayer and, therefore, would depend strongly upon 
the temoerature difference between the transfer surface and the bulk 
liquid. However, studies of nucleate boilinq into a subcooled pool have 
shO\oJn no such temperature dependence. 
3. Vapor-Liquid Exchange Action. Forster and Grief (20) refined the 
Liquid Sublayer Microconvection model by proposing a "pumoinq action" 
resulting from the growth and collapse of vapor bubbles at the heat 
transfer surface. As a vapor bubble grows at the heat transfer surface, 
it would push an equal volume of the superheated sublayer into the 
cooler bulk liquid. Regardless of whether the bubble broke aw~y from 
the heat transfer surface (in the case of saturated bulk liquid), or 
collapsed (in the case of a subcooled bulk liquid), the net effect would 
be to replace a portion of the superheated sublayer with the cooler bulk 
1 i quid. 
4. Mass Transfer Through the Bubble. Snyder (21) pointed out that, 
while the Latent Heat Transport Mechanism could not account for the high 
rates of heat transfer, simply allowing for vaporization from the super-
heated microlayer and subsequent condensation from the cooler top of the 
bubble could result in the high transfer rates observed. The experi-
mental results of Moore and Mesler (22) have lent considerable 
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credibility to this mechanism. r"loore and r~esler incorporated a thermo-
couple into their experimental heat transfer surface and noted that, in 
boiling water at atmospheric pressure, occasionally temperature drops 
of 20 to 30 °F would occur in a time span of about two milliseconds. 
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They concluded that only the Mass Transfer Through the Bubble mechanism 
could account for such large temperature drops in so short a time period. 
Rogers and Mesler (23) took motion pictures of the bubble behavior 
during the rapid surface temperature drops noted by r~oore and Mes 1 er and 
found that the temperature drop corresponds to the initial growth of a 
bubble. Also, it was noted that no significant cooling was apparent as 
the liquid returned to the surface after bubble departure. This fact 
tends to discredit the Vapor-Liquid Exchange mechanism reviewed above. 
The work of Hospeti and Mesler (24) and Johnson, De La Pena, and Mesler 
(25) confirmed the original conclusions of Moore and Mesler. Rallis 
and Jawurek {26) concluded that latent heat transport is significant 
over the entire saturated nucleate boiling regime and that at the criti-
cal heat flux latent heat transport probably represents the total flux. 
c. Nucleate Boiling Correlations 
As noted in the section devoted to nucleate boiling mechanisms, 
the mechanisms assuming either convection in or displacement of a liquid 
sublayer were thought to be an adequate explanation for the high fluxes 
inherent to nucleate boiling. Consequently, this has led to correlations 
of the general form {all symbols are defined in the Nomenclature): 
( 1 ) 
where the dimensionless numbers are evaluated in terms of bubble 
characteristics. Correlations of this type are presented by Forster and 
Grief (20), Rohsenow (27), Forster and Zuber (28) and many others. Such 
expressions cannot generally correlate nucleate boiling data because the 
nucleation characteristics of the heat transfer surface are ignored. 
Attempts to include the effects of active nucleation site density 
have been incorporated in correlations by Kurihara and Myers (7), Tien 
(29), and Lienhard (30). The application of such correlations has not 
proven feasible because, in general, the size and distribution of the 
cavities functioning as nucleation sites is unknown for commercially-
produced heat transfer surfaces. 
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Grant, Patten, and Carrie {31) attempted to predict the temperature 
difference and shape of the nucleate boiling curve at low fluxes for a 
heat transfer surface modeled after such surfaces commercially available. 
While they met with limited success, they were forced to conclude: 
"Although boiling heat transfer may be fascinating to study, it cannot 
be regarded as a research topic that is associated with significant 
steps of progress 11 • 
D. Critical Heat Flux Mechanisms 
The mechanism of burnout or the critical heat flux for nucleate 
boiling is not settled at this time. Costello, Bock, and Nichols (32) 
and Costello and Frea (33) have proposed that burnout is caused by dry 
spots in the liquid microlayer under vapor patches on the heater surface. 
The limiting condition of liquid inflow from the sides of the dry 
patches is thought to be the factor controlling the burnout heat flux. 
A hydrodynamic approach to the mechanism of burnout is taken by 
Kutateladze (34) and Borishansky (35). This approach is treated analy-
tically by Zuber (36) and Zuber, Tribus, and Westwater (37). In this 
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model, the liquid over the vapor on the heat transfer surface is said to 
break into columns of liquid and vapor, flowing countercurrently, over a 
critical range of wave lengths. The critical wave length range is the 
result of Taylor instability at the interface between the vapor film and 
the liquid. Applying the criterion of Helmholtz instability, which is 
the minimum wave length of a disturbance which will break up the vertical 
interface beb~een the counterflowing liquid and vapor columns, yields 
the maximum permissable vapor velocity. 
E. Critical Heat Flux Correlations 
For the designer of boiling heat transfer equipment, the existence 
of reliable critical heat flux correlations is imperative. The transfer 
area required to exchange a qiven quantity of heat is directly dependent 
upon the maximum allowable heat flux in nucleate boiling. 
Correlations have been proposed by many workers, among them 
Rohsenow and Griffith (38), Noyes (39), Kutateladze (34) and Zuber (37). 
All of the preceding suffer from the fact that the condition of the heat 
transfer surface is ignored. Cobb and Park (40}, in boiling nitrogen 
and argon, showed that such correlations predicted burnout heat fluxes 
as much as several hundred per cent too high and concluded that surface 
conditions must be included in any reliable burnout correlation. 
Another class of critical heat flux correlations are based on 
thermodynamic properties of the liquids being boiled. Assuming the 
validity of the theory of correspondinq states, the equations should 
predict well the behavior of thermodynamically similar liquids. This 
class of correlations included those of Lienhard and Schrock (41), 
Borishansky, Novikov, and Kutateladze (42), Chicelli and Bonilla (43) 
and Frederking (44). These correlations, above, do not however, take 
into consideration the characteristics of the heat transfer surface. 
Park, Colver, and Sliepcevich (45) and Cobb and Park (40) extended 
the thermodynamic approach by establishing a reference value for each 
particular heat transfer surface at a reduced pressure of 0.1. For 
corresponding states liquids they were able to predict accurately the 
critical heat flux from the single reference measurement, however, this 
was limited to a particular surface. Different surfaces yielded criti-
cal heat fluxes differing by a factor of two 
F. Surface Modifications to Enhance Nucleate Boiling 
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A number of attempts have been made to modify heat transfer sur-
faces, in a macroscopic fashion, to enhance nucleate boiling. Bonilla, 
Grady and Avery (46) applied sharp, parallel scratches of about 0.001 
inch depth into the heat transfer surface. They found that an optimum 
spacing of l/4 inch between scratches existed for boiling water at 
atmospheric pressure. For a heat flux of 40,000 Btu/(hr)(ft2), approxi-
mately 10 per cent of the critical heat flux, they reported a reduction 
of the temperature difference of approximately 25 per cent. 
Sauer et.al., (47), in another early study, boiled ethanol on a 
circumferentially grooved tube. Sixteen square grooves per inch, l/64 
inch in depth and width were used. Only overall coefficients were 
reported, but on that basis, a 30 per cent increase in the transfer 
coefficient and a 50 per cent increase in the critical heat flux was 
attained. 
Young and Hummel {48) treated a stainless steel heat transfer 
surface with Teflon spots. The spots functioned as nucleation sites, 
as they were poorly wet by the boiling water. The heat transfer coeffi-
cient was approximately doubled for fluxes up to approximately 
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100,000 Btu/(hr)(ft2), which is roughly one-fifth the critical heat flux 
for water. 
O'Neill, Gottzmann, and Terbot (49) have reported on a modification 
consisting of a thin layer of porous metal bonded to the heat transfer 
surface. The surface layer is between 0.010 to 0.020 inch thick and has 
a void fraction of between SO to 6S per cent. While only overall coeffi-
cients are reported, the porous metal layer is claimed to increase the 
boiling heat transfer coefficient by a factor of 10 and the critical heat 
flux by a factor of 1 .8, both relative to smooth tubes. 
A study of boiling from a single cylindrical fin was reported by 
Haley and Westwater (SO). They observed that for the cylindrical fin 
geometry nucleate, transition, and film boiling can exist simultaneously 
at adjacent positions on the fin. Haley {51) determined the optimum 
shape of a boiling heat transfer fin. As the optimum shape, generally 
that of a turnip, would be difficult to produce, Cash, Klein, and 
Westwater (52) have proposed to approximate the optimum shape by a 
composite of two cones and two cylinders. 
In summary, the condition of the nucleate boiling surface deter-
mines both the heat flux produced by a given temperature difference and 
the critical heat flux and, at this time, is not generally predictable 
for commercial heat transfer surfaces. Westwater (53}, in a paper 
entitled "Things We Don't Know About Boi 1 i ng Heat Trans fern, concluded: 
11 In summary, both theoretical and ex peri menta 1 approaches 
are needed to produce an understanding of bubble birth, 
bubble growth, and bubble escape from the heat transfer 
surface. When this understanding is complete, engineers 
will be able to decide what shape of nucleate boiling curve 
is desired for a particular application and then manufacture 
heat exchangers to produce the result. The theoretical and 
experimental developments, and their reduction to industrial 
practice, will be challenging, for they will not be simple". 
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III. EXPERIMENTAL EQUIPMENT 
The experimental equipment used in this investigation can be conven-
iently classified into five systems: A) heat transfer elements, B) boil-
ing and condensing system, C) pressure control system, D) electrical 
power system and E) temperature rreasurement system. 
A. Heat Transfer Elerrents 
The copper casings of the heat transfer elerrents were machined from 
comnercial 3/4-inch Schedule 80 copper pipe manufactured by Revere Copper 
and Brass Company. As received, the outside di arreter of the copper pipe 
was 1.048 inch and the inside di arreter \·Jas 0. 742 inch. The casings to be 
knurled and the casing of the unknurled control surface were machined to 
exactly one inch outside diarreter and cut to 10 inch length. 
The knurled surfaces \'Jere applied with two knurls each of 64,96,128, 
and 160 diametral pitch manufactured by Brown and Sharpe Manufacturing 
Company. The knurls were held in a BrO\'In and Sharpe rrodel number 185-322 
adjustable knurl holder mounted transversely in an engine lathe. The 
knurl holder was adjusted so that a male surface was produced consisting 
of regular, four-sided adjacent pyramids with a 90° apex angle. 
The knurled surfaces resulting from the 64,96,128, and 160 diametral 
pitch knurls had a pyramid density of, nespectively, 416, 935,1656, and 
2591 pyramids per square inch. The unknurled control surface and the 
knurled surfaces ~Jere then gold plated to ensure a stable nucleate 
boiling heat transfer surface. 
On each end of the casing four No. 60 holes (0.040 inch) were 
drilled axially, equispaced, in the copper \'lall to a depth of one inch. 
The 1 o cat i on of h o 1 e s , for the rmo co up 1 e s , i s s h ov1 n i n F i gu re 1 an d i s 
consistent with the numbered locations reported in Appendix A (Data). 
The center line of the thermocouple holes vJas located 0.064 inch from 
the outside diameter of the copper casings, before knurling. 
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Asbestos-insulated 30 gauge copper-constantan thermocouple wire, 
supplied by Leeds and Northrup Company, was stripped at the end, wound 
and then so 1 de red to the bottom of each thennocoupl e hole. The soft 
solder used was Ersin Multicore Solder Alloy Sn 60. The soldering was 
accomplished by heating the inside of the copper casing so as to not 
damage the gold plating previously applied to the copper surface. After 
soldering, the thermocouple vlire protruding from the casing \vas stripped 
of the asbestos insulation and, in its place, 30 gauge Teflon spaghetti 
tubing was pushed over each wire. 
The unfired lava used for the heater cores was supplied by the 
American Lava Corportaion and designated Grade P... The lava cores \vere 
machined to a diarreter of 0.690 inch. Left-handed V-shaped grooves, at 
fi ve grooves per inch , \'Jere cut 0. 025 inch deep , and the cores were cut 
to a length of ten inches. Axially a hole was drilled one inch deep in 
each end of the lava cores and tapped for 10-32 machine threads. Brass 
rods, threaded 10-32, were then screwed in to the tapped ho 1 es on each 
end of the lava cores. The brass rods functioned both as a means to 
secure the ends of the 0.020 inch diameter tungsten resistance vJi re 
wrapped in the grooves on the 1 ava cores and a 1 so acted as the power 
tenni na 1 s. 
The tungsten resistance wire 1:1as wound first on an undersize steel 
winding fonn. The coi 1 so fanned ttJas then turned on to the grooved 1 ava 
















Figure 1. Thermocouple Locations and Designation 
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The \·Jound lava cores were coated v.Jith Sauereisen No. 7 cerrent, a 
heat transfer cerrent v1hi ch is thermally conductive yet an electrical 
insulator \IJhen dry. The insides of the copper casings \vere also filled 
with the heat transfer cerrent and the cores v-1ere then pushed into the 
casings. On each end of the heaters four wires of the appropriate di a-
meter (0.026 inch) were pushed l/4 inch into the annular space bet\-Jeen 
the casings and the cores. This insured that the casings and the cores 
\·Jere exactly concentric. After cleaning excess cement off the ends of 
the heat transfer elements and power tenninals the heaters were left to 
air dry ovemi ght. 
After air drying, the 0.026 inch \•li res \t/ere removed and the 
resulting holes filled vJith heat transfer cerrent. The heat transfer 
elements \·Jere baked by passing voltage-controlled AC power through the 
resistance windings. The following temperatures and tirres were used: 
170 °F for 16 hours, 190 °F for 8 hours, 210 °F for 8 hours, and 240 °F 
for 8 hours. After this sequence of baking, the resistance between all 
the respective cases and cores \o.Jas not less than three rregohms. 
To minimize heat losses from the ends of the heating elements and 
also to provide support to the elements in the boiling apparatus, Teflon 
end pieces were fabricated. Appropriate size holes Here drilled to 
permit passage of the power terminal and the four pairs of thermocouple 
leads through each end piece. ~ l/32-inch asbestos gasket was placed 
between the heating elements and the end pieces. The end pieces \·Jere 
secured by rreans of a 10-32 brass nut on the po\·Je r termi n a 1. A 
Winchester 2514 P connector v1as soldered to the end of each thermocouple 










Fiqure 2. Construction of the Heat Transfer Elements 
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B. Boiling and Condensing System 
The boiling and condensing system is sho\·Jn in Figure 3. The boiling 
and condensing sections both consisted of commercial 6-inch Pyrex pipe 
tees and the vapor line connecting the boiling and condensing section 
was a 6-inch Pyrex pipe elbo.-1. The Pyrex pipe fittings were joined \'lith 
Teflon-gasketed f1 anges, as ~Jere the 3/8-i nch brass end plates for the 
boiling and condensing sections. 
To hold the heaters in a horizontal position in the boiling section 
a tube bundle rack ~Jas fabricated. The tube sheets v1ere made of 3/8-inch 
brass and were held together by threaded brass rods. Sufficient holes 
\'le re dri 11 ed in the tube sheets to insure comp 1 ete 1 i quid and vapor ci r-
cul ation behind the tube sheets. The tube rack held t\'IO heaters such 
that the heaters \!.Jere one inch apart and one inch from the 
Pyrex walls of the backing section. 
Three Con ax r-~c glands with 3/4-i nch pipe fitting ends were attached 
to each of the end plates in the boiling sections. The eight pairs of 
copper-constantan thermocouple leads, insula ted \·lith 30 gauge Teflon 
spaghetti tubing, passed through two of the glands. Six 12 gauge Teflon-
insulated power leads (three, in parallel, for each heater) \'Jere passed 
through the third gland. 
On the inside of each end plate \'las attached a Teflon tenninal 
board into v.Jhich was pressed 16 ~Jinchester 2514 S connectors. These 
connectors forned the junction \'lith the thermocouple leads of the 
heaters mounted in the boiling section. The connectors v1ere soft 
so 1 de red to the thennocoupl e lead \'li res. 
A l/4-inch brass Swagelok male connector was placed at the top of 















Figure 3. Schematic Diagram of the Experimental Apparatus 
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purge inlet and a vacum connection during startup and as the boiling 
section pressure tap during the nucleate boiling tests. Approximately 
an inch above the bottom of the sarre end plate \'las placed a drilled-
through Sv1agelok male connector. The copper-constantan pool tempera-
ture thermocouple, sheathed in 1/16-inch stainless steel tubing, passed 
through this fitting. 
At the bottom of the other boiling section end plate v1as attached 
two 3/8-inch Swagelok male connectors. The first was connected to the 
line to errpty the boiling section Hhile the second v1as drilled through 
so that the 3/8-inch condensate return line could pass into the center 
of the boiling section. 
The condenser was of double helix design and v1as fabricated from 
45 feet 3/8-inch soft copper tubing. The inlet and outlet of the con-
denser was by drilled-through S\oJagelok male connectors in the top end 
plate of the condensing section. Also attached to the condensing 
section top end plate vJas the 3/8-inch fill line and a pressure relief 
valve set to vent at 10 pounds per square inch. 
A 3/8-inch Teflon condensate return line was attached to the bottom 
end plate of the condensing section. The condensate return 1 ine \'Jas 
insulated with 3/8-inch wall thickness foam rubber tubing and connected 
to the condensate return line in the boiling section by l'l"Eans of a 
3/8-inch Sv.Jagelok tee. A copper-constantan thennocouple, sheathed in 
l/8-inch stainless steel tubing, was admitted through the branch of the 
tee just before the condensate return line entered the boiling section. 
C. Press u re Con t ro 1 S ys te m 
During boiling tests, as mentioned in the preceding section, the 
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system pressure v1as sensed in the vapor space of the boi 1 i ng section. 
The high-pressure leg of a Foxboro d/p Cell (a pressure difference 
pneumatic transmitter) was connected to the system at this point and 
the low-pressure leg v1as left open to atmosphere. The pneumatic sign a 1 
from the pressure difference transmitter \vas sent to a Honeywell model 
702PG-N-92-III-65 two-mode pneumatic recorder-controller. The pressure 
difference transmitter was calibrated so that a 50 millirreter rrercury 
pressure difference caused full scale deflection on the recorder-
controller. 
The pneumatic signal from the recorder-controller operated an 
air-to-open pneumatic control valve in the water inlet line to the 
condenser. The control valve was a Research Controls, Inc. type 
756650-ST-RF equipped \vith trim D. To prevent the controller from 
cycling at the wide range of condenser water flo'IJ rates encountered, 
a Hoke, Inc. rrodel 1V56 manual valve was placed dO\tJn-stream of the 
pneumatic control valve. The pressure in the boiling section was thus 
controlled by the condenser water flm·J rate. 
D. Electrical Power System 
Voltage-controlled direct current electrical pov1er was supplied to 
the heaters by two Sorenson DCR60-40A pov1er supplies, ~tli red in series. 
The power supplies, as wired, were capable of an output of 5520 watts 
direct current. 
The amperage \vas measured by recording the val tage drop across a 
0.0100 ohm resistor in a thermostated transformer oil bath. The voltage 
drop v1as recorded on one channel of a Hone)'\'iell type 194 10-i nch bJo-
pen strip chart potentiorretric recorder with the span set at 50 
millivolts. A calibrated ~leston direct current amrreter of 50 amperes 
full scale VJas also placed in the circuit as a neans for checking the 
recorder. 
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The voltage drop across the heaters was recorded on the other 
channel of the strip chart recorder rrentioned in the preceding paragraph. 
The span for this channel v1as set at 100 volts. By rreans of a two-pole, 
two-thrOH S\'litch the voltage could also be rreasured with a Di gitec model 
201 digital volt meter. To record voltages greater than 100 volts the 
zero suppression on the recorder was set by comparison with the digital 
volt rrete r. 
A 40 ampere capacity two-pole, two-throw svlitch vJas placed in the 
power circuit so that pov-1er could be dissipated in either one of the two 
heaters mounted in the boiling section. All electrical \vire used in the 
direct current po\'ler circuit v1as 10 gauge copper vJith the exception of 
the soldered connections to the three 12 gauge copper vlires, in parallel, 
just outside of the pov1er lead sealing glands in the boiling section 
endpl ates. 
E. Temperature t~easurerrent System 
The eight 30 gauge copper-constantan thermocouples of each heater 
were connected to the previously rrentioned terminal board inside the 
boiling section. The lead \<Ji res from the tenninal board passed through 
the sealing gland and the copper \Ali res were connected directly to the 
positive terminals of West Instruments thermocouple 5\'titch. The 
constantan vii res v1ere sol de red to 30 gauge copper vJi res off the same 
spoo 1 from \'Jh i ch the 1 e ad \'Ji re had been taken. 
The cold junctions, so fanned, were placed in a therrros bottle 
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containing ice and distilled water. The copper vJires from the cold 
junctions v1ere insulated ~'lith Teflon spaghetti tubing and routed to the 
corresponding negative tenninals of the thermocouple switch. The 
condensate and pool thennocouples were treated in the sarre fashion. 
The output from the thermocouple switch was wired to a two-pole, 
two-thro.-1 switch. During nonnal operation the thermocouple signal \'Jas 
rreasured and recorded \vith a Hone_y\'/ell type 194 10-inch strip chart 
potentiorretric recorder. The span v1as set at one millivolt and the 
recorder possessed an integral span zero suppression feature, 'IJhi ch 
permitted a one millivolt span VJith a range both between one and b-10 
mi 11 i volts and betv-1een bo.Jo and three mi 11 i volts, the ranges used in this 
investigation. Alternatively, the thennocouple signal could be read on 
a model 451 Digitec digital voltmeter with a 10 millivolt range. 
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IV. EXPERIMENTAL PROCEDURE 
The experimental procedure followed in this investigation is speci-
fied in the following sections: A) Startup, B) Stabilization of the Heat 
Transfer Elements, C) Nucleate Boiling Tests ( Systematic PovJer Levels), 
and D) Nucleate Boiling Test (Random PO\'Jer Levels). 
A. Startup 
The two heaters selected for test v1ere placed in the tube bundle 
rack in such a manner that thermocouple position 1 (See Figure 1) was 
placed at the top of the heater. The heaters were he1 d in the tube 
bundle rack by tightening the bolts on the three tie rods. 
Before the tube bundle rack v1as placed in the boiling section (See 
Figure 3) the boiling section was rinsed thoroughly with normal pentane. 
f\ny dust which had accumulated from previous tests VJas thus removed. The 
tube bundle rack was then slid into the boiling section and rotated such 
that both heaters v1ere in the sarre horizontal plane. On the horizontal 
plane heaters, the power leads \'!ere attached and secured \vith a 10-32 
brass nut. The four pairs of therrrocouple leads on the one end of each 
heater were mated \1-Ji th the proper connector on the thennocoup1 e termi na1 
board. With both power and thermocouple leads connected, the end plate 
on the one end of the boi 1 in g section \'Jas tightened down vii th the Teflon 
gasket in place. The same procedure v1as followed on the other end of the 
boiling section. The condensate return line and the pool thermocouple 
were then pushed through their respective fittings and sealed by compres-
sion of the Teflon ferrules used in the fittings. 
For all heater stabilization periods and nucleate boiling tests a 
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pentane pool depth of two inches was maintained above the top of the 
heaters. Filling to this pool depth in the boiling section "'as accom-
plished by first reducing the pressure in the apparatus to about 250 
millimeters mercury below atrrospheric pressure. The fill line, enter-
ing the apparatus through the top plate of the condensing section, was 
irmrersed in the fresh pentane container. The pentane thus flowed from 
the condensing section into the boiling section by means of the conden-
sate return 1 i ne. 
The normal pentane used in this study was supplied by Phillips 
Petroleum Company and v1as designated as being of comnerci al grade. 
An a lysis \'Ji th a Varian 1520 gas chromatograph , equipped \·ti th dua 1 fl arne 
ionization detectors, indicated a purity in excess of 99 IT()le per cent. 
After filling vlith pentane, the air \'Jas removed from the apparatus 
by purging vii th argon. The ba romet ric pressure was detenni ned to the 
nearest 0.1 millimeter of mercury. The difference bet\·Jeen 760 milli-
rreters mercury and barometric pressure \'Jas set on the pressure difference 
recorder-controller. P.s this laboratory is located at an elevation of 
approximately 1,000 feet above sea level, the barometric pressure is 
always less than 760 millimeters mercury. 
The cold junction thennocouple bath vtas filled with a mixture of 
crushed i ce and d i s t i 11 e d vJ ate r and was we 11 s t i r red . \~ i t h a 11 i n s t r u-
rrents operating, the thermocouple sv1itch was set to read out the pool 
temperature thennocouple and the po\'Jer supply was set to approximately 
30 volts. As the temperature of the pool increased, the pressure relief 
valve \·Jas opened manually to vent the noncondensable argon from the 
apparatus. By this procedure the pool was brought up to the saturation 
temperature at a pressure of 760 millimeters mercury. 
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B. Stabilization of the Heat Transfer Elerrents 
As noted in the Literature Reviev1, stabilization or aging of the 
surfaces used for boi 1 ing heat transfer has been found to be necessary. 
In this investigation stabilization was accomplished by boiling for an 
extended period of time at a high heat flux. 
For the knurled surfaces the power supply was set at 120 volts, 
\'Jhich corresponded to a heat flux of approximately 70,000 Btu/(hr) 
( ft2). The thermocouple svli tch was set to an arbitrary thennocouple, 
of the surface being stabi 1 ized, and the output from the thermocouple 
was recorded. The criterion for completion of the stabilization period 
was constancy of the recorded thermocouple output of plus or minus 0.002 
of a millivolt, approximately 0.1 of a Fahrenheit degree, for a period 
of 30 minutes. Depending upon the surface being stabilized, approxi-
mately two to five hours of tota 1 boi 1 in g ti rre was required. 
The unknurled control surface \'Jas stahi 1 i zed by the rrethod given 
above with the exception of the power supply being set to 110 volts. 
This resulted in a heat flux of approximately 60,000 Btu/(hr)(ft2 ). 
The lower heat flux \Alas necessary so as to not exceed the burnout point 
or critical heat flux of the control surface. 
After stabilization was completed for a heater, the pentane was 
permitted to cool to ambient temperature and v1as drained from the appa-
ratus and discarded. 
C. Nucleate Boi 1 i ng Tests (Systematic Power Levels) 
All but one of the nucleate boiling tests \'Jere accomplished by vary-
ing the heater power levels in a systematic manner. The test of a par-
ticular surface was perfonred illlTiediately after stabilization of the heat 
transfer surface \'Jas completed as given in the preceding section. 
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The boi 1 in g apparatus \'Jas fi 11 ed \'lith pentane and, \vi th the excep-
tion of the unknurled control surface, the power supply was set at 120 
volts. For the unknurled control surface the power supply \'las set to 
110 volts. The barometric pressure v1as determined and the pressure 
difference recorder-controller was adjusted. Boiling v1as permitted to 
occur until the output of the thenrocouple, follovJed during stabiliza-
tion, was constant at the stabilized output. This nonnally took bet\'Jeen 
15 and 30 minutes. 
The power supply v1as then set to a 10 volt output. the manual 
valve, downstream of the condenser \'later inlet pneumatic control valve, 
was adjusted so that the pressure cycling about the desired boiling 
section pressure v1as minimized. For all tests the pressure cycling 
was no more than plus or minus 0.5 millimeters rrercury and for roost 
tests pressure control was better than plus or minus 0.1 millimeter 
rrercury. 
Because of the close tolerance between the lava core and the copper 
casing of the heaters (0.026 inch), thermal equilibrium \vas achieved in 
a brief time, at oost four minutes. After this initial 1t1aiting reriod, 
the criterion for steady-state was taken to be stability, of the heater 
thermocouple being recorded, of no rrore than plus or minus 0.001 milli-
volt (approximately plus or minus 0.05 F0 ) for a period of at least four 
minutes. The therroocouple switch was then set sequentially so that the 
output of each operable heater thennocoupl e ~1as recorded. The output of 
the thennocouples used to rreasure the condensate and pool temperatures 
was recorded also. The test at a given power level was then concluded 
by checking the calibration of the thennocouple recorder. 
The power level v1as then increased by raising the power supply 
voltage in 10 volt increrrents until 120 volts \tJas reached for the 
knurled surfaces and 110 volts was achieved for the unknurled control 
surface. At each pov1er leve 1 it \'las necessary to adjust the manu a 1 
valve in the water inlet line to minimize cycling of the pressure in 
the boiling section. 
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For the knurled surfaces the maximum power supply output was then 
set, approximately 126.5 volts. Because of insufficiently cool conden-
ser v1ater it v1as not possible to hold the boiling section constant at 
760 millirreters mercury and so no heater thermocouple outputs v1ere 
recorded. Ho\'1ever, the increase in boiling system pressure was suf-
ficiently gradual so that it v1as possible to observe whether or not the 
critical heat flux had been attained. 
For the unknurled control surface the approximate pov1er level \'Jas 
detenni ned at \•Jhi ch the critical heat flux was reached. The pov-1er 
supply voltage \'las then 10\·Jered and the critical heat f1 ux v1as ap-
proached in one volt increments. 
D. Nucleate Boi 1 i ng Test (Random Pmver Levels) 
One nucleate boiling test was perfonred in which the sequential 
power levels \'Jere established in a random rather than a systematic 
fashion. P., random sequence was followed in setting the voltage output, 
but in all other respects, the exrerirrental procedure \tJas the sarre as 
that given in the preceding section. 
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V. RESULTS AND DISCUSSION 
The data of this investioation, in the sequence taken, is presented 
in Appendix A. Appendix B contains a samole of the calculations. The 
topics considered in this section are: A) Nucleate Boiling Curves, 
B) Reproducibility of the Nucleate Boilinq Curves, C) Heat Transfer Co-
efficients, D) Hysteresis, E) Bubble Growth Location, F) Nucleate Boilinq 
Curve Correlation, G) Applications, and H) Suqqestions for Future Study. 
The limitations of this study should be kept in mind in readinq 
what follows. The heat transfer surfaces were qold-plated copper. The 
system boiled was normal pentane at a sinqle pressure, 760 millimeters 
mercury and the study was limited to the case of saturated pool boilino. 
A. Nucleate Boilinn Curves 
The results of this study are shown as the nucleate boilinq curves 
in Fiqure 4. The heat flux, as plotted, is based on the projected 
surface area, that is, the surface area before the knurled surface was 
applied. The temperature difference is what is sometimes called the 
wall superheat, the difference between the temperature of the heat 
transfer surface and the saturated boilino liquid. 
It may be observed, in qeneral, that knurlinq of the heat transfer 
surface enhanced the nucleate boilinq characteristics relative to the 
unknurled control surface. The temperature difference required to 
produce a qiven heat flux was reduced considerably for all portions of 
the boilinq curve. The effect of this is to improve the thermodynamic 
efficiency of boilinq heat transfer. 
As a result of knurlinq the transfer surface, the critical heat 











Figure 4. The Effect of Pyramid Density on the Nucleat Boiling Curve 
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flux was attained only with the control surface. Because of the limita-
tions of pm-1er supply capacity and condenser capacity, mentioned in the 
Experimental Procedure, no burnout results were obtained for the knurled 
surfaces. Inspection of Figure 4 shows that in no case did the slope of 
the boiling curves start to decrease; thus, indicatinq no approach to 
burnout of the knurled surfaces. The stability of the recorded thermo-
couple potentials, at the hiqhest attainable heat fluxes for the knurled 
surfaces, also indicates that burnout was not imminent. 
The knurled surface of 936 pyramids per square inch was different 
from the other knurled surfaces in that over about half the lenqth of 
the heater the pyramids were imperfectly formed. The apex of the 
pyramid was truncated as a result of improper machininq. This surface 
had been intended as a backup for a well-formed 936 pyramids per square 
inch surface, which failed before any data could be taken. It is 
noticeable in Figure 4 that the shape of the boilinq curve is different 
from that of the other knurled surfaces. Visual observation of boilina 
at low fluxes and subsequent analysis of the boil ina results \'/ill shov.J 
that the 936 pyramids per square inch surface '"as not rep res entati ve 
of the family of knurled surfaces. 
It is seen from Figure 4 that an increase in the density of the 
pyramids resulted in a lower temperature difference required for a 
given heat flux. It may also be noted that substantially the same 
results were achieved with both the 165o and 2591 pyramids per square 
inch surfaces, indicating that an optimum pyramid density miaht exist. 
No effort will be made to compare the results of this investigation 
with any of the nucleate boilinq correlations cited in the Literature 
Review. As noted previously, none of the correlations take into 
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consideration the variation in the condition of the nucleate boilinq 
heat transfer surface. Berenson (54) found that for boil inq normal 
pentane on a copper surface for a heat flux of 60,000 Btu/(hr)(ft2) the 
temperature difference ranged bet\'Jeen appro xi rna tel y 13 to 70 F0 , depend-
ing upon surface conditions. It is the thesis of this work that only by 
an appropriate macro modification of the heat transfer surface can a 
reproduceable and correlatable nucleate boiling surface be rroduced. 
B. Reproducibility of the Nucleate Boiling Curves 
Figure 5 illustrates the extent to \·Jhich the results of this inves-
tigation \•Jere reproducible. For both the control surface and the 93G 
pyramid per square inch surface the replicate tests v1ere perfonned 
according to the startup rrethod given in the ExperiiT€ntal Procedure 
section. The boiling section \'Jas drained from the previous test and the 
surfaces \vere reconditioned before making the replicate tests. The 
replicate tests were not perfonned sequentially and v1ere made on 
different days. 
The reproducibility obtained here is not characteristic of other 
nucleate boiling investigations and is thought to be due to the close 
pressure control maintained in this study. As noted earlier, nnst tests 
were made vii thin 0. 1 mi 11 i rrete r mercury of the 760 mi 11 i rre te rs re rc ury 
desired. At worst, the pressure control \'Jas to vJithin 0.5 millirreter 
rre rcury. 
It should be noted that, while the heat transfer v1as highly repro-
ducible, considerable temperature variations existed bet\'Jeen the oper-
able thermocouples in a given heater. f'.t the highest heat fluxes, 
temperature variations amounted to as much as 6 Fo for the 936 pyramid 
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Figure 5. Reproduceability of the Nucleate Boiling Curves 
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other surfaces, the variation \vas of the order of approximately 2 F0 • 
f·1ost of the variation v.,ras in the temperatures rreasured on the opposite 
ends of a given heater and is thought to be due to the close tolerance 
(0.026 inch) maintained betv1een the copper case and the lava core. It 
was also noted that in some cases the one end of a 1 ava core had been 
machined to a diameter as much as 0.003 inch greater than the di arreter 
of the opposite end. 
C. Heat Transfer Coefficients 
The heat transfer coefficient is plotted as a function of the tem-
perature difference in Figure 6. Again, the anomalous behavior of the 
936 pyramids per square inch is noticed. /\lso noticed, is the fact 
that the highest heat transfer coefficient for the 1656 and 2591 pyra-
mids per square inch surfaces is greater than t\'tice that of the control 
surface approaching burnout. 
D. Hysteresis 
fls ~~ms rrentioned in the Experirrental Procedure, all tests but one 
\•Jere perfonned by setting the heat flux in a systematic manner. The 
heaters were stabilized by boiling at a heat flux of approximately 
70,000 Btu/(hr)(ft2). The flux vias then reduced to the 10\·Jest value and 
the data \'Jas taken in increasing increments of the f1 ux. Carty and 
Foust {6) observed, as have many others, that nucleation sites function-
ing at high fluxes tend to remain active, for a tirre, vJhen the flux has 
been reduced. 
To test the extent to v1hich hysteresis existed for the knurled 
surfaces, a test \·Jas perfonred at randomized pov1er levels vJith the 1656 
pyramids per square inch surface. In Figure 7 the boiling curve for 
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Figure 7. The Effect of Randomized Power Levels on the Nucleate Boiling 
Curve 
square inch surface previously shown in Fiqure 4. The numbers beside 
the randomized power level points indicate the sequence in which the 
data was taken. It may be observed that greatest deviation was no more 
than one F0 • 
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A plot, Fiqure 8, was then made of the temperature deviation of the 
randomized from the systematic test, as a function of the chanqe in 
temperature difference from the previous temperature in the randomized 
test. It is interestinq to note that the points {7,10,11) that do not 
follow the straight line in Figure 8 are those three at the bottom 
of the curve in Figure 7. This is interpreted to mean that the effect 
of the sites activated at a higher flux, as in the systematic tests, 
remained somewhat active until the first three data points had been 
taken at the bottom of the boilinq curve. The deduction from this is, 
that by performing the boiling tests in a systematic manner, the lower 
ends of the curves were displaced to somewhat lower temperature differ-
ences. Inspection of Fiqure 8 indicates that, for the first three 
points at the bottom of the systematic power level curves, the extent of 
the hysteresis affect is in the order of one F0 • 
E. Bubble Growth Location 
At a low heat flux, 2500 Btu/(hr)(ft2) and less, it was possible to 
observe the gra~th of individual bubbles on the bottom side of the 
heaters. Visual observations were made of bubble growth while boiling 
both into a subcooled pool and into the pool at saturation temperature. 
It was noted that in all cases the bubbles grew in the location 
designated Gin Fiqure 9, that is, at the corners of the bases of the 
pyramids. When boiling into a subcooled pool, it was possible to see 
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Figure 8. The Deviation of Randomized Power Level Temperature Differences 
38 
Figure 9. Location of Bubble Growth 
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Nucleation occurred randomly along the base of the pyramids, for example, 
at point S, but the bubbles would then migrate to point G before any 
appreciable gr~~th would take place. 
While boiling into a saturated pool, the bubbles appeared to both 
nucleate and grow only at point G and the phenomenon of bubble migration, 
mentioned above, was not seen to occur. With the more rapid growth 
that occurred in the saturated case, it is doubtful that the migration 
would have been observed even if it were to have taken place. Also 
noted by visual observation, was the fact that bubbles would grow at 
adjacent corners of the bases of the pyramids. Apparently random 
patches and rows of adjacent bubble sites existed at the low heat fluxes 
observed. 
It is proposed that, logically, bubble qrO\~Jth \aJould occur at point 
G, as it is at this point that the maximum heat transfer surface area is 
available to each bubble. At this point only is the maximum area of 
superheated liquid layer available per unit volume of a bubble. Whether 
the heat transfer mechanism is that of displacement of the microlayer, 
as proposed by Forster and Grief ( 20), or evaporation from the mi era-
layer and subsequent condensation from the cooler bubble too, suqqested 
first by Snyder (21), is illTTlaterial. In either case, point G alone 
would offer a maximum microlayer area to bubble volume ratio. 
Only in the case of the improperly knurled 936 pyramid per square 
inch surface was a~y boiling observed from the apex of the pyramids. In 
that case, boilinq was seen to occur from both point G and from the top 
of the truncated pyramids on the one end of the heater. 
F. Nucleate Boiling Curve Correlation 
As noted in the preceding section, at lm.aJ heat fluxes, it was 
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observed that bubble growth VJas seen to take place from only the corners 
of the bases of the pyramids for the \o.Jell-fonned knurled surfaces. \..Ji th 
the hypothesis that the one to one correspondence ben~een bubble growth 
sites and pyramids would exist at higher fluxes also, it was logical 
to attempt correlation in terms of the rate of heat transferred per 
pyramid. This quantity was plotted as a function of the pyramid 
density with the temperature difference as the parameter and is sh~Nn in 
Figure 10. It may be seen that the function is linear, disregarding the 
anomalous 936 pyramid per square inch surface, and hence of the form: 
Q.l = c, + c2 n.. 
n fiT A 
(2) 
To determine if a power relationship existed bet\~een the heat flux 
and the temperature difference, Figure 4 was replotted on loq-loq paper 
and is presented in Fiqure 11. The control surface clearly shows the 
two reqimes of convective transfer at the lower temperature differences 
and boilinq heat transfer at the higher. The knurled surfaces show only 
a single reqime when the 936 pyramid per square inch surface is excluded 
and appear to be of the same slope. The function resulting is: 
( 3) 
Dividing by n/A yields: 
(4) 
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Figure 11. Log-Log Plot of the Nucleate Boiling Curves 
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two functions gives: 
Q = 
n 
LIT 1.88 (5) 
which, in turn, is justified by the linearity of Figure 12. The range 
shown at values of constant n/A are the values of Q/n(6T)l.88 for all DT 
and the circles designate the mean value over the range of ~T. 
The final form of the correlating function is: 
where: 
Q = (3.67-0.7380) AT 1.88 
n 
~ = rate of heat transferred per pyramid, Btu 
(6) 
n (hr)(pyramidJ 
D = pyramid density, pyramids X 10-5 
ft 2 
6T = temperature difference, F0 
In Figure 13 the nucleate boiling results are compared to the 
boiling curves predicted by equation 6. The fit is seen to be reasonably 
good \'Ji th the exception of the 936 pyramid per Sll uare inch surface. 
G. Applications 
The type of surface studied is a high performance, low cost method 
of enhancing nucleate boiling heat transfer. The low temoerature dif-
ferences would improve the thermodynamic efficiencv of boilinfl heat 
transfer processes. Important applications from this standpoint are 
seawater evaporation and cryogenic separation processes. 
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Figure 13. Comparison of the Correlation with the Nucleate Boiling Curves 
in the heat transfer area required at a oiven temnerature difference. 
In such applications as vJaste heat recovery, reboilers, boilers, and 
evaporators, this would reduce the capital cost of the boilina heat 
transfer equipment. 
H. Suqqestions for Future Study 
It is suggested that a new set of qold-plated coooer heaters be 
fabricated. A clearance of approximately 0.050 inch would result in a 
reasonably rapid approach to thermal equilibrium yet avoid the nonuni-
formity of \\~all temperatures from one end of the heater to the other. 
Also, the diameter of the tunqsten resistance wire wound on the lava 
cores should be increased from the 0.020 inch used here to 0.030 inch, 
which \\lould permit v-1indinq at aporoximatelv 12 turns per inch rather 
than the 5 turns per inch used in this work. The resulting increase in 
temperature uniformity and a lower temperature of the tungsten windinqs 
would both be beneficial. 
A serious defect in this work was the failure to obtain burnout 
data for the knurled surfaces. The aquisition of such data will require 
both that a supply of cooler condenser water be found and that one or 
more additional power supply units be obtained. If aquisition of addi-
tional power supply units is not practical, it is recommended that the 
burnout data be obtained by the use of alternating current rather than 
the direct current used in this work. 
Correlation of the burnout data of the knurled surfaces should be 
attempted in terms of a hydrodynamic approach. Under the hyoothes is of 
a one to one correspondence between the number of pyramids and the number 
of bubble gr~~th sites, the spacinq of the counterflowinq liquid and 
vapor streams is fixed and no application of the Taylor instability 
criterion would have to be made. The analysis would require determi-
nation only of the critical wave length resulting from the Helmholtz 
instability, which is the point at v1hich the mass of vapor leaving the 
surface exceeds the liquid flowing to the surface. 
To discover a general, dimensionless correlation for both the 
nucleate boiling curve and the burnout heat flux it will be necessary 
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to test the knurled surfaces by boiling a number of different liquids 
over a wide range of pressures. Water, alcohol, hydrocarbons, and high-
boiling Freons should all be included. The result of intentionally 
fouling the surface by the addition of aporopriate solutes to the 
liquids boiled should also be examined. 
If the work mentioned above appears to justify it, the detailed 
economic analysis necessary for commercial exploitation should be under-
taken. While application of the knurled surface to the outside of tubes 
would require only a relatively simple turret-mounted tool, there remain 
many unanswered questions. The extent to which knurling would weaken, 
or perhaps strengthen, the walls of the heat transfer tube, corrosion 
rates of the mechanically stressed surface, and the difficulty of roll-
ing such tubes into heat exchanqer tube sheets would all have to be 
examined. 
VI. CONCLUSIONS 
As a result of this investigation, the following conclusions are 
drawn as to the effect of knurling on a nucleate boiling heat transfer 
surface: 
1. For the 1656 and 2591 pyramid per square inch knurled surfaces 
the temperature difference required to produce a given heat flux was 
less than half that required for the unknurled control surface. 
48 
2. For all of the knurled surfaces, heat fluxes were measured that 
were 20 per cent higher than burnout for the unknurled control surfaces, 
and experimental indications suggest burnout of the knurled surfaces was 
not imminent. 
3. At heat fluxes of less than 2500 Btu/(hr){ft2), where visual 
bubble observations could be made, bubble growth was seen to occur only 
at the corners of the bases of the pyramids. 
4. The experimental results can be represented by an empirical 
equation of the form: Q/n = (3.67-0.738D)~Tl.88 where Q/n is the rate 
of heat transferred per pyramid, Dis the knurling density, and ~Tis 








Projected heat transfer area, ft2 
Proportionality symbol 
Constants in Equations 2,3,4, and 5 
Pyramid density, pyramids/ft2 X lo-5 
Electromotive force, volts 
Heat transfer coefficient, Btu/(hr)(ft2)(F0 ) 
I = Current, watts 
m = Constant in Equation 1 
n = Number of pyramids 






Constant in Equation 1 
Pr = Prandtl number, dimensionless 
Q = Rate of heat transfer, Btu/hr 
Re = Reynolds number, dimensionless 
T = Temperature, °F 
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Appendix A 
Nucleate Boiling Data 
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The nucleate boiling data is presented in the sequence in vJhich it 
v1as taken. The blank coluJlTis signify that no data v1as taken for the 
particular thermocouple. In every case~ this \vas due to either a broken 
thennocouple lead or a thermocouple connector that pulled loose during 
assembly of the boiling section endplates. The recorder charts from 
\IJhich the data was tabulated are in the possession of Dr. E. L. Park, lJr. 

















Nucleate Boiling Data for n-Pentane on~ 936 Pyramids oer 
Square Inch Surface at 760 mm t!g_ Pres~r~ 
Thermocouple EMF 
mv, relative to the ice point 
2 3 4 5 6 7 
1.524 1. 542 1. 523 1.526 1. 519 
1. 591 1.610 1.583 1.582 1. 581 
1. 653 1. 666 l .632 1.629 1. 632 
1 .699 1.703 1.670 1 .665 1.672 
1. 729 1. 732 1 .698 1 .690 1.699 
1.744 1. 759 1. 714 1.706 1. 719 
1. 761 1. 782 1. 733 1. 721 1. 739 
1. 774 1 .801 1. 749 1.737 1.752 
1. 789 1 .822 1. 760 1. 748 1. 769 
1 .800 1 .841 1.772 1. 755 1. 781 
1 .817 1.862 1.782 1. 759 1.793 
1.823 1. 865 1. 785 1. 761 1.800 
8 Cond. 
1. 537 1. 401 
1.599 1. 432 
1.652 1. 441 
1.688 1. 443 
1. 720 1. 448 
1.749 1. 451 
1.778 1.450 
1 . 8()0 1.449 
1.820 1.448 
1. 837 1.448 
1 .859 1.444 
1.872 1.435 
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Nucleate Boiling Data for n-Pentane on the Unknurled Control 
Surface at 760 mm !i9_ Pressure 
Thermocouple EMF 
mv, relative to the ice point 
1 2 3 4 5 6 7 
1. 730 1.688 1.730 1.691 1. 724 1.698 1. 724 
1 .898 1.794 1. 872 1.789 1.859 l. 790 1. 872 
1. 987 1 .881 1.954 1 .849 1.928 1 .841 1. 947 
2.022 1.925 1. 995 1. 880 1 '979 1 .879 1.997 
2.038 1.944 2.019 l. A98 2.013 1.903 2.022 
2.049 1 .953 2.038 1 '912 2.039 1. 921 2.041 
2.064 1 '962 2.05.3 1.922 2.061) 1. 936 2.059 
2.077 1 . 971 2.068 1. 935 2.078 1. 949 2.076 
2.090 1. 980 2.082 1. 943 2.097 1 '964 2.093 
2.102 1. 988 2.098 1. 955 2.114 1. 976 2.110 












































Nucleate Boiling Data for n-Pentane on! 936 Pyramids per 
Square Inch Surface at 760 !ig_ Pressure 
(Replicate Test) 
The rmoco up 1 e Er1F 
mv, relative to the ice point 
1 2 3 4 5 6 7 
1.522 1. 541 1. 523 1. 525 1.519 
1 .594 1.609 1.583 1. 583 1 .584 
1.658 1 .666 1 .637 1. 631 1 .635 
1. 701 1. 704 1 .671 1. 668 1.672 
1.730 1 . 736 1.698 1. 691 1. 700 
1.749 1.760 1. 716 1. 710 1. 721 
1. 761 1 .782 1.734 1. 725 1. 738 
1. 774 1.800 1.747 1.739 1.752 
1. 791 1 .821 1. 761 1.752 1. 770 
1. 801 1.839 1.772 1 . 757 1. 780 
1. 819 1. 861 1. 786 1. 761 1.798 
1 .831 1 .878 1.795 1.770 1 . 81)9 
8 Cond. 
1.538 1.390 
1. 600 1. 429 
1. 653 1.434 
1.690 1.441 
1 . 721 1. 443 
1. 752 1. 446 
1. 776 1.444 
1. 798 1. 442 
1. 820 1. 443 
1. 838 1. 441 
1. 860 1 .439 
1. 879 1.437 































Nucleate Boiling Data for n-Pentane on the Unknurled Control 
Surface at 760 mn !!9. Pressure 
(Replicate Test) 
Thermocouple EMF 
mv, relative to the ice point 
1 2 3 4 5 6 7 
1.724 1 .689 1. 719 1. 691 1 . 719 1.698 1 . 72() 
1 .894 1.802 1 .867 1.797 1.340 1. 793 1 .863 
1. 992 1.877 1. 959 1.848 1.932 1. 841 1. 953 
2.028 1. 919 1. 998 1.880 1. 980 1.880 1. 999 
2.045 1.942 2.025 1.898 2.021 1 .904 2.029 
2.060 1 .952 2.044 1. 912 2.049 1. 924 2.050 
2.072 1. 961 2.076 1.925 2.069 1.940 2.068 
2.089 1. 971 2.076 1.938 2.087 1.954 2.081 
2.101 1. 981 2.091 1. 950 2.104 1. 970 2.102 
2.114 1.989 2.109 1. 961 2.124 1.982 2.123 










































Nucleate Boi1inq Data for n-Pentane on !416 Pyramids per 
Square Inch Surface at 760 rrm !i<1_ Pressure 
Thermocouo 1 e Et~F 
mv, relative to the ice ooint 
1 2 3 4 5 6 7 
-
1. 522 1. 537 1 . 531 1. 526 1 . 53') 1. 521 
1. 579 1 .602 1 . 591 1 . 591 1. 592 1.574 
1 .638 1 .669 1 .653 1. 656 1 .n56 1.629 
1 . 691 1.722 1.703 1.71() 1 . 710 1. 674 
1. 741 1. 771 1. 752 1. 759 1. 761 1 . 721 
1. 783 1.812 1.798 1.798 1.806 1. 760 
1 .317 1.843 1. 831 1.829 1. 839 1. 792 
1.844 1.870 1.859 1. 842 l.R62 1.820 
1 .870 1 .889 1 .8R1 1 . 868 1.880 1 . 84() 
1 .889 1. 907 1 .899 1 .877 1. 891 1 .853 
1 .901 1.918 1. 912 1 .379 1 .889 1. 861 
1. 911 1. 920 1 . 92() 1.892 1. 895 1 .868 
8 Cond. 
1. 532 1. 388 
1.599 1. 431 
1 .666 1. 441 
1. 721 1.443 
1. 770 1. 449 
1 . 811 1.449 
1. 841 1. 450 
1 .862 1 .449 
1 .880 1. 446 
1 .893 1. 443 
1. 901 1. 436 
1. 907 1.430 
































Nuc 1 ea te Boi 1 i ng Data for n -Pentane on ~ 2 591 !1rami ds per 
Square Incfl Surface at 760 rrm !!g_ Pressure 
Thermocouple Et~F 
mv, relative to the ice point , 2 3 4 5 6 7 
1. 512 1 .532 1 .506 1. 530 1. 510 1. 51 Q 
1 .560 1. 569 1.549 1. 566 1. 543 1. 546 
1.60~ 1. 598 1 .589 1. 595 1 . 581 1. 582 
1.643 1 .621 1.627 1. 620 1 . 619 1 . 619 
1 .681 1.646 1.666 1. 649 1.660 1.659 
1.709 1 .663 1 .691 1 .669 1 • 690 1.689 
1. 734 1.684 1. 718 1 .693 1 . 717 1. 712 
1. 752 1 .708 1.739 1 . 718 1. 741 1. 736 
1 . 771 1 . 723 1.759 1. 736 1. 759 1. 752 
1. 786 1. 739 1.772 1 . 751 1. 753 1. 767 
1 .794 1. 741 1.783 1. 765 1. 754 1. 775 
1 .802 1 . 753 1 . 790 1.772 1. 762 1. 777 
8 Cond. 
1. 529 1. 263 
1. 562 1.420 
1.589 1.431 
1. 613 1.440 
1 .641 1.440 
1. 661 1.443 
1.682 1. 443 
1.704 1.444 
1 . 721 1.445 
1. 731 1.443 
1.739 1. 440 
1.742 1. 433 
































Nucleate Boi 1 i ng Data for n-Pentane on ! 1656 fY.rami ds per 
Square Inch Surface_At 760_!!!m_!ig Pressure 
Thermocoup 1 e Er~F 
mv, relative to the ice point 
1 2 3 4 5 6 7 
1. 502 1. 509 1 . 51 0 1. 509 1. 502 1.510 1 . 5()3 
1.540 1. 542 1. 539 1.539 1. 530 1. 539 1. 536 
1 .583 1.588 1. 572 1.580 1. 568 1.579 l. 577 
1 .629 1. 636 1 .612 1 .623 1. 611 1. 622 1. 619 
1 .659 1. 667 1 .645 l. 654 1.646 1. 652 1 . 651 
1 .681 1 .690 1.664 1.679 1 .672 1. 678 1 .678 
1.698 1. 710 1.688 1. 701 1. 697 1.698 1.699 
1. 709 1.727 1 • 702 1. 718 1. 718 1. 718 1 . 718 
1.725 1 . 741 1. 718 1. 736 1. 739 1. 735 1.738 
1.740 1. 752 1. 732 1. 751 1. 757 1. 750 1.754 
1.755 1. 769 1.748 1. 762 1. 777 1. 761 l. 771 
1. 769 1. 780 1 . 761 1. 779 1. 781 1. 773 1. 796 
8 Cond. 
1. 512 1. 381 
1. 546 1. 431 
1. 588 1 .439 
1. 631 1. 441 
1. 661 1. 442 
1. 689 1.444 
1 . 711 1. 443 
1. 731 1.443 
1. 751 1 .443 
1.763 1. 441 
1.776 1.438 
1 . 7.98 1. 436 































Nucleate Boiling Data for n-Pentane on! 1656 Pyramids oer 
Square Inch Surface at 760 mm !!9_ Pressure 
(Randomized Power Levels) 
Thermocoup 1 e P·1F 
mv, relative to the ice point 
1 2 3 4 5 6 7 
1 . 761 1.768 1. 754 1. 771 1. 772 1. 759 1. 779 
1 .695 1.706 1 .687 1. 703 1 .692 1 .691 1 .698 
1. 712 1.722 1.703 1. 721 1 . 711 1.709 1. 718 
1 .600 1 .610 1.588 1 . 608 1. 589 1.600 1. 592 
1 .660 1 .673 1. 651 l. 670 1. 651 1.659 1 .657 
1 .682 1.698 1 . 671 1. 692 1.677 1. 681 1 .681 
1 .573 1.587 1. 570 1. 581 1. 563 1. 575 1. 57'1 
1. 759 1. 766 1. 719 1.768 1. 766 1. 752 1. 767 
1 .633 1.648 1 .624 1.646 1.622 1 .632 1. 628 
1. 545 1.548 1 . 541 1. 544 1. 532 1. 543 1 . 541) 
1. 509 1 . 512 1. 512 1 . 513 1. 505 1 . 512 1 . 511 
1. 749 1.760 1. 741 1.758 1.763 1. 753 1 . 761 
8 Cond. 
1 . 771 1.422 
1.700 1.442 
1 . 720 1. 440 
1. 609 1. 435 
1.666 1.449 
1. 691 1. 448 
1. 584 1.440 
1.762 1 . 440 
1.641 1.444 
1.549 1. 431 
1. 518 1.370 


















Data taken from Table A-I (E = 70.1 volts), Appendix A, is used 
here as a sample of the boiling heat transfer calculations. 
The EMF of the operable heater thermocouples was averaged, 
EMFavg = (1.761 + 1.782 + 1.733 + 1.721 + 1.739 + 1 .778)/6 
EMFavg = 1.752 mv 
and converted to the corresponding temperatures by linear interpolation 
from thermocouple conversion tables (55). 
Tavg = 110.0 °F 
64 
Because of the high thermal conductivity of copper and the small distance 
between the position of the thermocouple and the heat transfer surface, 
the average temperature of the thermocouples was taken as equal to the 
average surface temperature. 
Tavg = Tsurface = 110.0 oF 
The temperature difference relative to the normal boiling point of 
normal pentane (56) was then calculated. 
T = Tsurface - Tsaturated liquid 
T = 110.0 - 97.3 = 12.7 F0 
The measured voltage and amperage was first converted to power, 
P = EI 
P = (70. 1)(31.2) = 2187 watts 
and then the heat flux was calculated for the projected heat transfer 
area of 31.42 square inches. 
~ = 15.65P 
A 
Q = (15.65)(2187) = 3.42 X 104 Btu/(hr)(ft2) 
A 
The heat transfer coefficient was calculated by dividing the 
calculated heat flux by the temperature difference. 
h = (3.42 X 104)/(12.7) = 2.69 X 103 Btu/(hr)(ft2)(F0 ) 
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